With the rapid development of technology, motors have drawn increasing attention in aviation applications, especially in the more electrical aircraft and all electrical aircraft concepts. Power weight ratio and reliability are key parameters for evaluating the performance of equipment applied in aircraft. The temperature rise of the motor is closely related to the reliability of the motor. Therefore, based on Taguchi, a novel multi-objective optimization method for the heat dissipation structural design of an electro-hydrostatic actuator (EHA) drive motor was proposed in this paper. First, the thermal network model of the EHA drive motor was established. Second, a sensitivity analysis of the key parameters affecting the cooling performance of the motor was conducted, such as the thickness of fins, the height of fins, the space of fins, the potting materials and the slot fill factor. Third, taking the average temperature of the windings and the power weight ratio as the optimization goal, the multi-objective optimal design of the heat dissipation structure of the motor was carried out by applying Taguchi. Then, a 3-D finite element model of the motor was established and the steady state thermal analysis was carried out. Furthermore, a prototype of the optimal motor was manufactured, and the temperature rise under full load condition tested. The result indicated that the motor with the optimized heat dissipating structure presented a low temperature rise and high power weight ratio, therefore validating the proposed optimization method.
Introduction
With the development of the more electric/all electric aircraft technology, aircraft servo-actuating systems are gradually developing from multi-energy source systems to a single electric power system [1] . Electrical actuating systems can be classified into two types: electro-hydrostatic actuators (EHAs) and electromechanical actuators (EMAs). The EHA concept has attracted wide attention in the aviation industry as it has the advantages of high efficiency, high power weight ratio, good compatibility with the existing centralized hydraulic system and so on [2] . The motor is the driving element of the EHA system, and the power weight ratio and reliability of the motor are of vital importance to the performance of the actuator system. With the characteristics of high efficiency, high power weight ratio, high dynamic performance, the permanent magnet synchronous motor (PMSM) is widely used in airborne equipment [3] .
In order to improve the performance of the EHA drive motor, the power weight ratio and reliability of the motor should be enhanced. The power weight ratio is restricted by the electric load and the magnetic load. It grows along with the electric load and the magnetic load. However, the increase of the electric and magnetic loads will lead to a higher temperature rise of the driver motor, which may reduce the performance of insulation materials and threaten the motor reliability. Therefore, the cooling capacity of the motor restricts the increase of the power weight ratio and affects the reliability of the system. Improving the cooling capacity of the motor can effectively improve the power weight ratio and enhance the reliability of the motor.
The losses of PMSM mainly include three parts: copper loss, iron loss and mechanical loss [4] . Copper loss is caused by the Joule heat loss of the winding resistance. Stator iron loss consists of hysteresis loss, eddy current loss and excessive loss due to the impact of the alternating magnetic field. Mechanical loss includes the frictional loss of bearings and the windage loss of the rotor. The iron loss of the PMSM is mainly concentrated on the stator core. Due to the direct contact between the stator core and the housing of the motor, the heat generated by the iron loss can be easily dissipated. In order to ensure the insulation between the winding and the housing, the winding is surrounded by various insulating materials such as some types of varnishes and resins. Since the thermal conductivity of the insulating materials is low, the equivalent thermal conductivity of the winding becomes poor, which leads to great heat resistance between the housing and the winding. Therefore, when compared to other components of the motor, the winding temperature is the highest, which increases the risk of the insulation material failing.
At present, the existing research on the heat dissipation structure of an EHA drive motor has mainly focused on natural convection and wet-rotors where the air gap between the stator and rotor is filled with hydraulic oil [5] . In the structure of the wet-rotor, since the stator and rotor are immersed in hydraulic oil, the heat generated in the stator and rotor can be easily taken away. Therefore, the temperature of the motor can be controlled within a reasonable range. However, the hydraulic oil present in the motor will lead to a huge loss when the motor is running at a high speed [2, 5] . As a result, the efficiency and dynamic performance of the motor would become worse. Meanwhile, the natural convection system is widely applied in motors since it has a simple structure and it does not need any other assisting devices such as a pump or heat exchanger [6] . However, the natural convection system is unsuitable to use in large-capacity drive motors due to its poor cooling capacity.
In order to enhance the cooling capacity of the natural convection system, many strategies can be adopted. Traditionally, fins and ducts on the housing can be applied to improve convection and radiation heat transfer [7] . However, fins and ducts need a specific installation space and they will increase the weight of the motor. Usually the winding of the motor is the hot spot due to the poor equivalent thermal conductivity. By inserting a high thermal conductivity conductor, a higher thermal conductivity path between the center of the slot and the housing can be established and the equivalent thermal conductivity improved [7, 8] . However, this method will reduce the effective slot fill factor and the high conductivity conductor inserted in the slot will generate an eddy current loss. To improve the heat conductivity of the end winding, various materials are applied to pot the end windings. One plastic with a thermal conductivity of 2 W/m·K was used to encapsulate the end windings of an axial flux machine; therefore a low thermal resistance path to the motor housing was established [9] . Due to its excellent thermal conductivity which is up to 150~300 W/m·K, aluminum nitride (Al N) has also been used to pot the end windings of motors such as the PMSM or axial flux motor [10, 11] .
Different materials have different physical properties, including thermal conductivity, which have different effects on the temperature rise. Metal has a high thermal conductivity, but its mass density is large which has a great influence on the weight of the motor. The thermal conductivity of non-metallic materials is relatively low, but has a small mass density, so greatly benefits the reduction of the total weight of the motor.
Meanwhile, the structure of the fins or ducts on motor housing can affect the heat convection of the housing. Different structures may have different effects on the cooling performance and the weight of the motor. Previous studies on the optimal design of the heat dissipation structure have only paid attention to the improvement of the motor cooling performance; little consideration has been given to the weight of the heat dissipation structure. In high power weight ratio applications, it is not only the cooling effect of the heat dissipation structure that should be considered, but also the weight of the heat dissipating structure.
Taguchi is a statistical method that was first used to analyze various quality problems in the field of statistics [12] . Many scholars have introduced the Taguchi method into the design field such as the analysis of cogging torque and torque ripple. Furthermore, Taguchi has the advantages of being simple and convenient, and can search the design space quickly [13] .
Since a motor with low temperature and high power weight ratio can improve the performance of the actuating system, a novel multi-objective optimization method for heat dissipation structure design is presented in this paper. The method not only takes the cooling performance of the heat dissipation structure into consideration, but also the weight of the structure. First, the thermal network model of the EHA drive motor was built. Next, a sensitivity analysis of the key parameters accounting for the cooling performance was carried out. Then using the Taguchi method, the optimum design of the heat dissipation structure was performed to choose the average temperature of the winding and the weight as optimization goals. After that, based on a 3-D finite element model, the thermal analysis was carried out under different working conditions. Furthermore, the prototype with the optimized parameters was processed, and the temperature rise under different working conditions tested.
Establishment of a Thermal Network Model

Electrical Machine Model
In order to enhance the dynamic performance, the EHA driving motor was designed with surface mounted permanent magnets, 12 slots, 10 poles and large stator length-inner diameter ratio which can reduce the inertia of the rotor. Due to the large stator length-inner diameter ratio, the height of slot is also large. Consequently, there is a large thermal resistance between winding and housing, which brings challenges to the heat dissipation of winding [14] . In this paper, an EHA drive motor is taken as an example to improve the cooling performance of motor. The motor adopts the natural convection heat dissipation mode. In order to improve the convection and radiation heat transfer on surface of housing, many axial fins are applied to the housing. The initial structure of the motor is shown in Figure 1 and the main parameters are described in Table 1 . Figure1. The initial motor structure.
Establishment of a Thermal Network Model
In order to build the thermal network, some assumptions are needed. The assumptions used are listed as follows:
1. The distribution of the motor temperature field is symmetrical along the circumference, and the cooling condition is the same in the circumferential direction. 2. The distribution of the temperature field is identical along the central axis and the cooling condition is the same. 3. The radiation is neglected, and the convection and conduction are considered in the building of the thermal network model. 4. Heat sources are focused on the center of components.
According to the hypotheses above, the temperature field in the motor can be divided into multiple regions by an orthogonal grid. The center of each region is a temperature node and different nodes are connected to each other by thermal resistance. A simplified thermal network model was set up and shown in Figure 2 . The thermal network model contained 12 nodes, 18 thermal resistances and five heat sources. The heat sources included five parts: iron loss at the stator yoke, iron loss at the stator teeth, copper loss in the winding that is embedded in the slot, copper loss in the end winding, and loss at magnet which is caused by the eddy current. All of the above losses were calculated by electromagnetic finite element method. And the results of calculation are shown in Table 2 . The temperature nodes included 12 parts such as fins, housing, stator yoke, stator teeth, magnet, rotor yoke, shaft, winding, end winding, HC (high thermal conductive potting materials), and the endcap. In this thermal network model, the equivalent thermal resistances are used to indicate the heat flux. The description of each thermal resistance and the value of each resistance of initial motor are shown in Table 3 . 
The distribution of the motor temperature field is symmetrical along the circumference, and the cooling condition is the same in the circumferential direction.
2.
The distribution of the temperature field is identical along the central axis and the cooling condition is the same.
3.
The radiation is neglected, and the convection and conduction are considered in the building of the thermal network model.
4.
Heat sources are focused on the center of components.
According to the hypotheses above, the temperature field in the motor can be divided into multiple regions by an orthogonal grid. The center of each region is a temperature node and different nodes are connected to each other by thermal resistance. A simplified thermal network model was set up and shown in Figure 2 . The thermal network model contained 12 nodes, 18 thermal resistances and five heat sources. The heat sources included five parts: iron loss at the stator yoke, iron loss at the stator teeth, copper loss in the winding that is embedded in the slot, copper loss in the end winding, and loss at magnet which is caused by the eddy current. All of the above losses were calculated by electromagnetic finite element method. And the results of calculation are shown in Table 2 . The temperature nodes included 12 parts such as fins, housing, stator yoke, stator teeth, magnet, rotor yoke, shaft, winding, end winding, HC (high thermal conductive potting materials), and the endcap. In this thermal network model, the equivalent thermal resistances are used to indicate the heat flux. The description of each thermal resistance and the value of each resistance of initial motor are shown in Table 3 . The heat transfer mode in the motor mainly includes heat conduction and convective heat dissipation. The corresponding thermal resistance is the conduction thermal resistance and convection thermal resistance respectively.
The thermal resistance of convection can be calculated as follows [15] :
where is the convection thermal resistance, ℎ is the convective heat transfer coefficient
is the surface area and the thermal resistance of heat conduction can be calculated as follows [15] : The heat transfer mode in the motor mainly includes heat conduction and convective heat dissipation. The corresponding thermal resistance is the conduction thermal resistance and convection thermal resistance respectively.
where R con is the convection thermal resistance, h con is the convective heat transfer coefficient
A is the surface area and the thermal resistance of heat conduction can be calculated as follows [15] : Figure 3 and the properties of materials used in the motor are shown in Table 4 . It can be seen that the conductors of the winding are surrounded by various insulating materials. The total copper area depends on the slot fill factor (K s ), which is defined as the copper area in the slot divided by the total slot window [7] . For the convenience of modeling and analysis in the thermal analysis process, all conductors and insulating materials in the stator slot are usually replaced by an equivalent solid conductor, as shown in Figure 3 . Figure 3 and the properties of materials used in the motor are shown in Table 4 . It can be seen that the conductors of the winding are surrounded by various insulating materials. The total copper area depends on the slot fill factor (Ks), which is defined as the copper area in the slot divided by the total slot window [7] . For the convenience of modeling and analysis in the thermal analysis process, all conductors and insulating materials in the stator slot are usually replaced by an equivalent solid conductor, as shown in Figure 3 . Figure 3 . A motor slot.
The thermal conductivity of equivalent conductor can be calculated as follows [7] :
where is the thermal conductivity of equivalent conductor, is the thermal conductivity of copper, is the thermal conductivity of varnish and is the slot fill factor In this paper, the material of the slot wall liner was polyimide, which has a thermal conductivity of 0.26 W/m·K. The thickness of slot wall liner was 0.15 mm. The diameter of the conductors was 0.556 mm and the thickness of the wire wrap was 0.028 mm. The slot fill factor of the initial motor was 0.55 and the area of the slot was 437.747 mm 2 . Using the above parameters, the thermal conductivity of the equivalent conductor was calculated with a result of 0.4996. Then the thermal resistance between the conductor and stator can be easily obtained. The thermal conductivity of equivalent conductor can be calculated as follows [7] :
where λ is the thermal conductivity of equivalent conductor, λ cu is the thermal conductivity of copper, λ res is the thermal conductivity of varnish and K s is the slot fill factor In this paper, the material of the slot wall liner was polyimide, which has a thermal conductivity of 0.26 W/m·K. The thickness of slot wall liner was 0.15 mm. The diameter of the conductors was 0.556 mm and the thickness of the wire wrap was 0.028 mm. The slot fill factor of the initial motor was 0.55 and the area of the slot was 437.747 mm 2 . Using the above parameters, the thermal conductivity of Energies 2018, 11, 1173 7 of 21 the equivalent conductor was calculated with a result of 0.4996. Then the thermal resistance between the conductor and stator can be easily obtained.
The heat convection is a heat transfer mode generated by fluid motion. Therefore it is related to the motion of fluid around the motor. In natural convection, the motion of air around the motor occurs due to buoyancy and gravity. In this study, there were three types of convection and the convective heat transfer coefficients are described as follows:
(1) h ca : convective heat transfer coefficient between the housing and air around it; (2) h cg : convective heat transfer coefficient between the stator or rotor and air in the airgap; (3) h cia : convective heat transfer coefficient between the internal structure and the inner air.
As there is no external force to affect the motion of air, h ca is considered as natural convection. The natural convection of air on the surface of the motor housing can be calculated as follows [16] :
where N u is the Nusselt number, c p is the heat capacity (kJ/kg· • C) of air, P r is the Prandtl number, G r is the Grashof number, β is the coefficient of cubical expansion (1/K), ∆T is the difference between surface and fluid temperatures, ρ is the density of fluid, u is the fluid dynamic viscosity (kg/m·s), h is the heat transfer coefficient (W/m 2 • C), L is the characteristic length of the surface (m) and k is the thermal conductivity of air (W/m 2 • C) The convection on the surface of housing is not only related to the structure of housing but also related to the direction of housing. When the housing is one simple smooth housing structure, the suitable values of a and b used in Equation (4) can be obtained from Table 5 : Table 5 . Natural convection correlation coefficients parameters. When the fins are used to improve the convection on the surface of the housing, the structure of the housing becomes complex and the convection is related to the structure of fins. When the structure of the fins is U-shaped vertical channels and the motion of the air is laminar flow [16] :
where S is the spacing of the fins, L is the height of the fins, ∝ is the channel aspect ratio and r is the characteristic length (hydraulic radius).
When the structure of the fins is U-shaped horizontal channels and the motion of the air is laminar flow [16] :
In this case, the characteristic length is the spacing of the fins. According to the early study that the convection in the inner space of motor can be calculated as follows [16] :
0.65 (7) where: h cia1 is the heat transfer coefficient between the stator end region and the inner air, h cia2 is the heat transfer coefficient between the rotor end region and the inner air, ω is the rotor speed and R r is the outer radius of the rotor. The motion of the air in the air gap is complex. Therefore, it is difficult to evaluate the convection in the air gap. According to earlier work, the convection in the air gap can be calculated as follows [17] :
where F g is s a geometrical factor, g is the size of air gap, D r is the diameter of the rotor, D s is the diameter of the stator, ρ is the density of air, υ is the is the fluid kinematic viscosity, ω is the speed of the rotor and r m is the mean diameter of the air gap.
Optimal Design of Heat Dissipation Structure
Parameter Sensitivity Analysis
Taguchi is an experimental method to select the experimental conditions and to arrange the experiment by orthogonal table. It can use the least experimental data to obtain the best combination of design parameters and to realize the optimal design. The optimal design process by applying Taguchi can be described as follows:
(1) The optimal design variable and the optimal objectives need to be determined. (2) The orthogonal table is established. Then the influence of the design variables on the optimal objectives can be obtained through the orthogonal experiment. (3) The best combination of optimal design variables is obtained by means of mean and variance.
In order to improve the cooling performance and the power weight ratio of the EHA driving motor, one optimal design was conducted by applying Taguchi. The average temperature of winding (T a ), weight of motor (W m ) and power weight ratio (P d ) were selected as the optimal goal. The slot fill factor affects the equivalent conductivity of the slot and then has a great influence on the thermal resistance of slot. The wire diameter of the EHA driving motor partly depends on the slot fill factor. Therefore the copper loss is also related to the slot fill factor. The thickness and spacing of fins will impact the housing convection and produce an effect on the cooling performance of the motor. The physical properties of the potting material not only affect the thermal resistance between the end winding and the housing, but also the weight of the motor. Therefore, the thickness of the fins (F t ), the spacing of the fins (F s ), the height of the fins (F h ), the slot fill factor (K s ) and the thermal conductivity of the potting materials (H c ) were selected as the optimal design variables. The optimal variables and the level of each variable are given in Table 6 . In Table 6 , the end windings of motor were not potted when H c = 0. In order to investigate the influence of potting materials on the cooling performance, three products of the PAKCOOL (Chooyu, Shanghai, China), named TG550, TC213, and TC23, respectively, were selected as the samples. Some of the physical properties of these materials are listed in Table 7 : Table 8 . The average temperature of the winding was calculated by the thermal network as described in Section 2. The weight of the motor was calculated according to the size of motor and the density of materials used in this machine. The power weight ratio was defined as the rated output power divided by weight. To analyze the influence on cooling performance and power weight ratio produced by different variables at different levels, the statistical mean made by the orthogonal arrays and the calculation of thermal network were used in this optimization. The average values can be calculated as follows:
The results of average value calculation are shown as Table 9 described: Then set one optimal variable as the constant, calculate the average value of each optimal objective while the other optimal variables vary at different levels. For example, the average value of T a when K s at level 0.55, can be calculated as Equation (11) described and the average values of performances under each level factor are listed in Table 10 . To analyze the proportions of the influences on the average temperature of winding and power weight ratio of the motor that are produced by the optimal design variable, the analysis of variance to provide a measure of confidence was conducted. Generally, the sum of squares (SS) is used to evaluate the deviation of the experimental data to the average value of the data. Therefore SS can be used to describe the influence proportions on the optimal objectives produced by the design variable. Then, SS can be calculated according to Equation (12) . Furthermore, the results of the SS calculation and proportion are listed in Table 11 
where x i is the optimal variable and can be expressed as K s , F t , F h , F s , H c in the formulation, m x i (S i ) are each optimal objective average value of various optimal variables at different levels and m(s) is the average value of each optimal objective. The slot fill factor not only affects the copper loss of the motor but also has a great influence on the equivalent thermal conductivity of the slot. Therefore, the slot fill factor is vital for the improvement of the winding temperature rise. As shown in Figure 4 , the proportion of influence produced by the slot fill factor was up to 52.3%. The thickness of the fins, the height of the fins, and the spacing of the fins all influence the convection of housing. As for the motors that are cooled by natural convection, convection on the surface of the housing is the main way to dissipate the heat generated by the motor. Then the proportion of influences produced by the dimensions of the fins reached up to 41.38%, as shown in Figure 4 . The EHA driving motor is a surface-mounted PMSM (SPMSM) with three phases, 12 slots, 10 poles and non-overlapped concentrated windings. The end winding of the motor was shorter and the copper loss at the end winding was small. As a result, the heat generated by the loss at end winding was smaller. Therefore, the potting materials contributed a small proportion of influence on the winding temperature as shown in Figure 4 . In order to improve the thermal conductivity of the insulation materials, some metals such as silver are mixed into the insulation materials by manufacturers. The thermal conductivity of the insulation material will rise along with the amount of metal mixed in the material. Meanwhile, the mass density of the potting material will become larger as shown in Table 7 . Due to the large mass density of the potting material, the influence produced by the potting materials on power weight ratio reached 60.08%. The thickness of the fins, the height of the fins and the spacing of the fins all directly influence the housing weight which accounts for a large proportion of the total weight. Therefore, the structure of the fins makes a big difference to the power weight ratio of the motor as shown in Table 11 and Figure 4 .
The variation of the average winding temperature with the optimization parameters is shown in Figure 5 . The increase in the slot fill factor will lead to an enlargement of the copper area. Consequently, the equivalent conductivity of slot will increase as well as the weight of winding, which is shown in Figures 5 and 6 . The thermal resistance between the housing and the end winding will decrease with the rise of the potting material's thermal conductivity. As a result, the average temperature of the winding will be on a decline, as shown in Figure 5 . Since the structure of the fins is closely related to the fluid state, it has a nonlinear influence on temperature rise as shown in Figure 5 . It can be seen from Figures 5 and 6 that the optimal variables had a different influence on the average winding temperature and the power weight ratio. For example, the average winding temperature decreased with the increase of the slot fill factor. However, the power weight ratio decreased while the slot fill factor increased. It can be seen that it is difficult to select a combination of parameters that can achieve a high power weight ratio and low average winding temperature.
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Multi-Objective Optimization Design
Nowadays, the conventional method is to assign different weight coefficients for each optimized objective, and transform the multi-objective problem into a single objective problem that only contains one compound objective function [18, 19] . According to this method, a new objective function is defined by combining the objectives with the weight coefficients [18] , and it is expressed as follows:
where f1(x), f2(x) represent the power weight ratio and the average winding temperature respectively. If the average winding temperature becomes smaller while the power weight ratio of the motor grows higher, the performance of the motor will be improved. That is to say, a small value of F is required since it means a better performance of the motor. i, j are the weight coefficients of the objectives. The Average temperature of winding(℃) Figure 4 . Proportion of influences produced by the optimal variables on the average temperature of winding and power weight ratio. Figure 4 . Proportion of influences produced by the optimal variables on the average temperature of winding and power weight ratio. Figure 5 The effect of the main factors on the average temperature of winding.
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where f 1 (x), f 2 (x) represent the power weight ratio and the average winding temperature respectively. If the average winding temperature becomes smaller while the power weight ratio of the motor grows higher, the performance of the motor will be improved. That is to say, a small value of F is required since it means a better performance of the motor. i, j are the weight coefficients of the objectives. The weight coefficients are usually assigned based on the importance of the different objectives. Since the average winding temperature and the power weight ratio are of equal importance during the optimization process, the weight coefficients are assigned as i = 1 and j = 1. According to Table 10 and Equation (13) the multi-objectives optimal design process applied to Taguchi can be described as in Figure 7 described and the results are shown in Table 12 :
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From Table 12 and Figure 8 it can be seen that the motor achieved its best performance when Ks = 0.65, Ft = 1, Fh = 11, Fs = 9, Hc = 0. Under these parameters, the average winding temperature, weight and power weight ratio of the motor were calculated and the results are listed in Table 13 . Power density(kW/kg) Figure 6 . The effect of the main factors on the power weight ratio.
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From Table 12 and Figure 8 it can be seen that the motor achieved its best performance when K s = 0.65, F t = 1, F h = 11, F s = 9, H c = 0. Under these parameters, the average winding temperature, weight and power weight ratio of the motor were calculated and the results are listed in Table 13 . Table 13 compares the optimal motor with the initial motor in the structure parameters and the output performance. Due to the increase of the slot fill factor, the copper loss of the winding was decreased and the equivalent thermal conductivity of slot was enhanced. The structure of fins was optimized and the housing convection g improved as a consequence. As a result, the average winding temperature was reduced from 166.4 °C to 156.4 °C, as shown in Table 13 . The length of the end winding was smaller and the loss of the end winding was reduced. Value of F fuction Table 13 compares the optimal motor with the initial motor in the structure parameters and the output performance. Due to the increase of the slot fill factor, the copper loss of the winding was decreased and the equivalent thermal conductivity of slot was enhanced. The structure of fins was optimized and the housing convection g improved as a consequence. As a result, the average winding temperature was reduced from 166.4 • C to 156.4 • C, as shown in Table 13 . The length of the end winding was smaller and the loss of the end winding was reduced. The potting materials had little influence on the temperature of winding as shown in Figure 8 . However, since the mass density of the potting material was large, the potting material had a great influence on the power weight ratio of the motor as shown in Figure 8 . With the improvement of the heat dissipation structure, the power weight ratio increases from 0.396 kW/kg to 0.434 kW/kg. After optimization, both the temperature rise and the power weight ratio of the motor improved. The optimization result was particularly obvious. 
Finite Element Simulation Analysis and Experimental Verification
The multi-objective optimization design of PMSM's heat dissipation structure is based on the thermal network calculation. However the thermal network calculation is based on the simplified model which assumes that the temperature distribution of the motor is uniform. In order to validate the thermal network calculation and the multi-objectives optimal design, a more accurate thermal analysis based on a 3-D finite element analysis was carried out.
The conductivity of some parts of the motor is uniform such as the magnet, wedge and potting materials, rotor yoke, housing and rear endcap. However, the conductivity of multilayered components such as the stator core, winding in slot and end winding is non-uniform. The equivalent thermal conductivity h eq of these parts can be calculated as follows [20] :
where h eq is the equivalent thermal conductivity, δ i is the thickness of the material and h i is the thermal conductivity of the material. The convective heat transfer coefficient in the fins of the housing, air gap and endcap can be calculated by Equations (4)- (8) .Then the heat conductivity used in the 3-D steady state thermal analysis is listed in Table 14 . Then, based on the above parameters, the steady state thermal analysis of the initial motor and the optimal motor were carried out when the motor was running at 6000 rpm and the output torque was 10 N·m. The ambient temperature was 30 • C. The results are shown as follows:
Figures 9 and 10 are the temperature distribution of the initial motor and the optimal motor when the motor is running at a full load, respectively. Due to the poor convection in the air gap, the magnets are the hottest parts in the two motors as shown in Figures 9d and 10d . Thanks to the short length of non-overlap winding, the loss of end winding was small. Therefore the heat dissipation from the front and rear of the housing are small and the temperature of these two parts are the coolest. As the conductivity of the multilayered components such as the stator core, winding in slot and end winding is orthotropic, the temperature distribution of these components is non-uniform as shown in Figures 9  and 10 . After being optimized, the copper loss of the motor was reduced from 84.2 W to 63.46 W and the convection of the fins was improved, as a consequence, the average winding temperature of was reduced to 158.6 • C from 168.4 • C. Therefore, the optimal design was successful.
The temperature comparison of the prototype machine and optimal machine calculated by FEA and a thermal network are shown in Figure 11 . It can be seen that there are differences between the results calculated by FEA and the thermal network. The temperature of the motor calculated by FEA is smaller than the temperature calculated by the thermal network due to the fact the contact heat resistance is not considered during the FEA. The temperature of permanent magnet is the highest in all analysis parts due to the poor heat dissipation condition. The heat generated by eddy current loss of the permanent magnet can only dissipate through the weak heat convection at the shaft end and the small air convection in the air gap. Therefore, the temperature of permanent magnet should be mainly considered in the process of heat dissipation structure design and electromagnetic calculation, so as to prevent irreversible damage of permanent magnet due to over temperature. In order to control the temperature of permanent magnet, the magnet of each pole was divided into five parts to reduce the loss of permanent magnet caused by eddy current during the electrical magnet calculation. Furthermore, the samarium cobalt permanent magnet with good high-temperature properties was applied in this motor to prevent irreversible at high temperature. Then, based on the above parameters, the steady state thermal analysis of the initial motor and the optimal motor were carried out when the motor was running at 6000 rpm and the output torque was 10 N·m. The ambient temperature was 30 °C. The results are shown as follows:
Figures 9 and 10 are the temperature distribution of the initial motor and the optimal motor when the motor is running at a full load, respectively. Due to the poor convection in the air gap, the magnets are the hottest parts in the two motors as shown in Figures 9d and 10d . Thanks to the short length of non-overlap winding, the loss of end winding was small. Therefore the heat dissipation from the front and rear of the housing are small and the temperature of these two parts are the coolest. As the conductivity of the multilayered components such as the stator core, winding in slot and end winding is orthotropic, the temperature distribution of these components is non-uniform as shown in Figures 9 and 10 . After being optimized, the copper loss of the motor was reduced from 84.2 W to 63.46 W and the convection of the fins was improved, as a consequence, the average winding temperature of was reduced to 158.6 °C from 168.4 °C. Therefore, the optimal design was successful.
The temperature comparison of the prototype machine and optimal machine calculated by FEA and a thermal network are shown in Figure 11 . It can be seen that there are differences between the results calculated by FEA and the thermal network. The temperature of the motor calculated by FEA is smaller than the temperature calculated by the thermal network due to the fact the contact heat resistance is not considered during the FEA. The temperature of permanent magnet is the highest in all analysis parts due to the poor heat dissipation condition. The heat generated by eddy current loss of the permanent magnet can only dissipate through the weak heat convection at the shaft end and the small air convection in the air gap. Therefore, the temperature of permanent magnet should be mainly considered in the process of heat dissipation structure design and electromagnetic calculation, so as to prevent irreversible damage of permanent magnet due to over temperature. In order to control the temperature of permanent magnet, the magnet of each pole was divided into five parts to reduce the loss of permanent magnet caused by eddy current during the electrical magnet calculation. Furthermore, the samarium cobalt permanent magnet with good high-temperature properties was applied in this motor to prevent irreversible at high temperature. Energies 2018, 11, x FOR PEER REVIEW 18 of 21 Figure 11 . Temperature comparison of prototype machine and optimal machine calculated by FEA and thermal network.
Experimental Verification
In order to validate the optimal design a prototype machine was manufactured according to the final optimization results. The machine prototype is shown in Figure 12 . To verify the optimization results, the experimental platform based on the designed PMSM was established as shown in Figure  13 , including the PMSM, drive controller, dynamometer, power analysis instrument, power supply, and CAN bus demonstration. The average temperature of the winding was measured by two 
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Experimental Verification
In order to validate the optimal design a prototype machine was manufactured according to the final optimization results. The machine prototype is shown in Figure 12 . To verify the optimization results, the experimental platform based on the designed PMSM was established as shown in Figure 13 , including the PMSM, drive controller, dynamometer, power analysis instrument, power supply, and CAN bus demonstration. The average temperature of the winding was measured by two temperature sensors PT100 which were buried in the slot of the motor as shown in Figure 12 . Then the temperature rise experiment was carried out when the motor was running at 6000 rpm and the output torque was 10N·m. The temperature of the environment was 20 • C. The temperatures of the two test points after a 30 min working time are shown in Figure 14 . Comparasion temperature As the difference between the two test points was very small, than the temperature of test point 1 is shown in Figure 14 . It can be seen that there was a discrepancy between the test results and the transient thermal analysis by FEA. The temperature of test point 1 was larger than the results of transient thermal analysis. In the transient thermal analysis, there were assumptions and many factors that were not considered in the calculation such as the airgap between the housing and the stator core, stator core and winding. The model of transient thermal analysis was not full consistent with the actual motor. Therefore, there were errors between the theoretical analyses and the experimental results. Furthermore, the focus of this paper was on the optimal design method of heat dissipation for low temperature rise and low weight. Therefore, the small error between the theoretical analyses and experimental had little influence on the optimal design. As the difference between the two test points was very small, than the temperature of test point 1 is shown in Figure 14 . It can be seen that there was a discrepancy between the test results and the transient thermal analysis by FEA. The temperature of test point 1 was larger than the results of transient thermal analysis. In the transient thermal analysis, there were assumptions and many factors that were not considered in the calculation such as the airgap between the housing and the stator core, stator core and winding. The model of transient thermal analysis was not full consistent with the actual motor. Therefore, there were errors between the theoretical analyses and the experimental results. Furthermore, the focus of this paper was on the optimal design method of heat dissipation for low temperature rise and low weight. Therefore, the small error between the theoretical analyses and experimental had little influence on the optimal design.
Conclusions
This paper proposed a novel multi-objective optimal design of a heat dissipation structure for an EHA driving motor to achieve a low temperature rise and low weight. A thermal network model of the motor for thermal calculation was developed. To improve the cooling performance, the parameters such as slot fill factor, thickness of the fins, height of the fins, space of the fins, and potting materials were selected as optimal variables, and then a sensitivity analysis of these parameters affecting the cooling performance of the motor was conducted. Through the parametric analysis, a conclusion was reached where the slot fill factor had the biggest influence on the average temperature of the winding and the potting materials had the biggest influence on the weight of the motor.
Next, the Taguchi method was applied to search for the optimal combination of design variables. As a result, the average temperature of the windings was reduced and the power weight ratio of the motor had been increased. The average temperature of windings was reduced to 156.4 • C from 166.4 • C. Meanwhile the power weight ratio of this motor had been increased to 0.434 kW/kg from 0.396 kW/kg. The performance of the optimal motor was verified by 3D finite element analysis. Furthermore, one prototype machine was manufactured and the experiments provided further verification. 
